In addition to thrombolysis, tissue plasminogen activator (tPA) can evoke neurorestorative processes. We therefore investigated the therapeutic effect of subacute intranasal administration of tPA post stroke on neurological recovery and on corticospinal innervation in mice. A transgenic mouse line, in which the pyramidal neurons and corticospinal tract (CST) axons are specifically labeled by yellow fluorescent protein (YFP) was employed. Adult CST-YFP mice were subjected to right unilateral middle cerebral artery occlusion (MCAo), and were randomly divided into groups treated with saline or tPA intranasally in the subacute phase. Pseudorabies virus (PRV)-614-monomeric red fluorescent protein (RFP) was injected into the left forelimb. The cervical spinal cord and brain were processed for fluorescent microscopy to detect YFP and RFP labeling. Primary embryonic neurons were cultured with tPA at different concentrations. Neurite length and branch numbers were then measured. In vivo, subacute tPA treatment significantly enhanced functional recovery (p < 0.05), and increased CST density in the denervated gray matter, and in the numbers of PRV-labeled neurons in bilateral cortices. The behavioral performance was significantly correlated with axonal density in the denervated spinal cord. In vitro, both neurite length and branch numbers significantly increased with concentration of tPA (p < 0.05). Our results demonstrate that tPA dose-dependently increases neurite outgrowth and branching of cultured cortical neurons. Subacute intranasal administration of tPA may provide enhance neurological recovery after stroke by promoting CST axonal remodeling.
Introduction
Recombinant human tissue plasminogen activator (tPA) remains the only FDA-approved pharmacological therapy and is the mainstay of early treatment of acute ischemic stroke (Jauch et al., 2013; Powers et al., 2015) . However, its application is limited by a narrow treatment time window, and side effects of intracranial hemorrhage and brain edema, which may be fatal (Jauch et al., 2013) .
Since few neuroprotective agents have proved effective in reducing cerebral infarction and improving neurological functions clinically, and there appears to be strict time limitations for neuroprotective treatment of stroke (Jauch et al., 2013; Powers et al., 2015) , we shifted our focus to neurorestorative therapies that could be used in the subacute or chronic phases after stroke and are designed to enhance functional recovery by promoting neuronal plasticity. Most functional impairments after stroke such as hemiparesis are consequences of interruption of neurological electrical signal transmission, so reestablishment of synaptic innervation between cerebral and peripheral nervous systems may provide a physical substrate for functional recovery. Observations from animal models of ischemic stroke have suggested that axonal remodeling of the corticospinal tract (CST), the primary transmission tract from the sensorimotor cortex formed by the long axons of the cortical pyramidal neurons extending to the spinal cord, contribute to neurological recovery, and may provide a treatment target for neurorestorative therapeutic approaches for stroke (Liu et al., 2013; Liu et al., 2009; Zai et al., 2011) . Since tPA has oligotrophic and neurotrophic functions and promotes axonal regeneration and brain plasticity in the developing and injured central nervous system (CNS) (Docagne et al., 2015) , tPA may also be considered as a promising neurorestorative agent for stroke during the subacute phase. Our preliminary study demonstrated, for the first time, that subacute (7-day post-stroke) tPA intranasal treatment significantly improved sensorimotor functional outcome after ischemic stroke in rats (Liu et al., 2012) . However, in this initial study, due to technical limitations, only part of the contralesional CST and corticorubral tract (CRT) were anterogradely labeled. How and why intranasal tPA administration promotes neurorestoration, especially in the denervated spinal cord, and whether the functional benefit directly derives from tPA facilitating CST remodeling remain unclear. Therefore, in the present study we employed a transgenic mouse line, in which the CST axons are specifically and completely labeled by yellow fluorescent protein (YFP), combined with an additional trans-synaptic retrograde pseudorabies virus (PRV) carrying monomeric red florescent protein (RFP) tracing, in order to investigate the anatomical substrate of motor functional recovery after stroke with subacute intranasal administration of tPA. In addition, as a complementary study, we investigated the direct effect of exogenous tPA on neurite outgrowth in cultured mouse embryonic cortical neurons in vitro.
Methods

Animals
Transgenic CST-YFP mice, in which the cortical neurons in the forebrain and the CST are specifically labeled by YFP, were used in a blinded fashion for functional evaluation and tissue analysis. These mice were generated by an in-house breeding colony of two transgenic mouse strains of B6·Cg-Tg (Thy1-EYFP)15Jrs/J and B6.129-Emx1 tm1 (cre)Krj /J purchased from Jackson Laboratories (Bar Harbor, ME, USA) (Bareyre et al., 2005; Liu et al., 2013; Liu et al., 2009 ). All experimental procedures were approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital.
Animal model
Adult male CST-YFP mice (n = 22; 2-3 month-old; body weight 25-30 g) were subjected to permanent right middle cerebral artery occlusion (MCAo) using a method of intraluminal suture vascular occlusion, modified in our laboratory (Chen et al., 2005) . Briefly, under isoflurane anesthesia, an 8-0 surgical nylon suture with an expanded silicone tip was advanced from the right external carotid artery (ECA) into the lumen of the internal carotid artery (ICA) to block the origin of the MCA. Two mice died within the first week post-surgery, and the remaining animals were randomly divided into the tPA-treatment group or the control group (n = 10/group). Another group of CST-YFP mice (n = 10; of comparable age and weight versus the mice in MCAo groups) without surgery were used for normal control.
Intranasal administration of tPA
The mice allocated to the active intervention group were administered 4 doses of tPA (300 μg/dose; Genentech Inc., San Francisco, CA, USA) intranasally at day 7, 9, 11 and 13 after MCAo. The method described by Thorne et al. (Thorne et al., 2004) was modified by placing ten 3-μL drops alternately onto each nostril with a 3-min interval between drops which were naturally sniffed in by the mouse placed in a supine and horizontal head position (Liu et al., 2012) . The mice were kept in a supine position for an additional 10 min. The same method of administration of the same volume of saline (30 μL in total) was used in the animals of control group. The volume of the dose was determined by the volume of the nasal cavity of the mouse (Gross et al., 1982) .
Behavioral tests
To monitor the neurological functional deficits and recovery, two kinds of tests were performed prior to MCAo, and at 1, 3, and 7 days after MCAo, and weekly thereafter. An adhesive-removal test was applied to detect the sensorimotor deficits after CNS injury; a small quarter-circle adhesive-backed paper dot was placed onto the impaired forepaw, and the time to remove the dot was recorded (Chen et al., 2001) . In addition, a single-pellet reaching test was performed to characterize skilled reaching ability of the impaired left forepaw (Farr and Whishaw, 2002; Liu et al., 2013) . Animals were trained for 2 weeks before surgery to use their left forepaw to extract 14-mg food pellets (Bio-Serv Inc., Frenchtown, NJ, USA) through a vertical slot of the front wall. We counted the number of the left forepaw extensions through the slot and the number of pellets extracted, and then recorded the pellet number extracted in a total of 20 attempts. Performance was defined by Percent Success = (number of successful retrievals/20) * 100 (Farr and Whishaw, 2002; Liu et al., 2013) .
Retrograde PRV tracing
When the behavioral tests were completed at day 28 after MCAo, a retrograde trans-synaptic tracer PRV-614-RFP (Gift from Dr. Lynn Enquist, Princeton University, NJ, USA) of a 10 μL total volume was injected into the wrist flexor muscles of the left stroke-impaired forelimb through a skin incision. Then the animals survived 4 additional days in a Biosafety Level-2 facility to allow for virus transport from the muscles to the motor cortices prior to sacrifice (Liu et al., 2009 ). Mice in the normal control group also received the same dose of PRV-614-RFP injection at 4 days before sacrifice.
Tissue preparation
The mice were sacrificed 4 days after PRV injection and then perfused with saline, followed by 4% paraformaldehyde. The entire brain and the cervical cord were immersed in paraformaldehyde overnight. The brain was cut into 100 μm-thick coronal sections by using a vibratome machine. A series of sections with 900 μm intervals were stained with hematoxylin and eosin (H&E) to measure ischemic lesion volume. A series of sections were processed for Prussian blue staining (ferric hexacyanoferrate and hydrochloric acid, Sigma) to measure residual focal hemosiderin accumulation after hemorrhage. Another series of sections with 400 μm intervals were used to digitize the mRFPpositive pyramidal neurons using fluorescent microscopy in the bilateral cortices. The cervical enlargement (C4-C7) was processed for consecutive vibratome sections, which were scanned with a confocal imaging system to digitize YFP positive CST axons in both sides of the spinal gray matter (Liu et al., 2011; Liu et al., 2009 ).
Cell culture of embryonic cortical neurons
Cortical neurons were harvested from pregnant female CST-YFP mice at embryonic day 18. Briefly, embryos were removed under deep Ketamine anesthesia, and then the cerebral cortices were dissected and dissociated in Ca 2+ and Mg 2+ free Hanks balance salt solution (HBSS, Thermo Fisher Scientific Inc., Wayne, MI) containing 0.125% trypsin (Thermo Fisher Scientific Inc.) digestion for 20 min, then mechanically triturated for~20 times. The cells were filtered with a 40 μm cell strainers (BD Falcon, Bedford, MA), and then were seeded onto myelin (10 μg/ml, Sigma St. Louis, MO) and Poly-D-lysine (1 mg/ml, Sigma) coated 24-well plates at a YFP-neuron density of 5000/well in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Grand Island, NY) containing 5% fetal bovine serum (FBS; Gibco) for 4-6 h, then changed to neurobasal growth medium (Thermo Fisher Scientific Inc.) containing 2% B-27 (Thermo Fisher Scientific Inc.), 2 mM GlutaMax (Thermo Fisher Scientific Inc.), 2% FBS (Gibco) and 1% antibiotic-antimycotic (Thermo Fisher Scientific Inc.) in a moist incubator at 37°C with 5% CO 2. Five different concentrations of tPA (0.065 μg/ml, 0.65 μg/ml, 2 μg/ml, 6.5 μg/ml, 13 μg/ml; Genentech Inc., San
Francisco, CA) were added to five groups of experiment media and another control group was without tPA. After 3 days in culture, the cells were fixed by 4% paraformaldehyde for quantification of neurite length and branch number. YFP-positive cells were digitized using a 20× objective (Zeiss) via the MicroComputer Imaging Device (MCID) analysis system (Imaging Research, St. Catharines, Ontario, Canada), and analyzed using MCID software for percentage of neurite positive neurons, branch number and neurite length on total 400-600 neurons distributed in 9 random fields per well with five wells per group.
Data analysis and statistics
Lesion volume was measured by NIH ImageJ and presented as a volume percentage of the lesion area compared with the contralesional hemisphere (Swanson et al., 1990 ). An Olympus FV1200 (Center Valley, PA, USA) laser-scanning confocal imaging system mounted onto an Olympus Bax 40 microscope was used to digitize the mRFP positive pyramidal neurons in the bilateral cerebral cortices and YFP-labeled CST axons on the cervical cord. The number of PRV-positive neurons in the ipsilateral or contralateral cortex were counted on each one of 5 brain consecutive coronal sections (total 6 sections for each animal), and the data were presented at a series of 0.5 mm interval distances to bregma caudal-rostral, as well as a sum for each hemisphere. The midline of the spinal cord was defined by the central canal on spinal transverse sections. CST axonal density in each side of the spinal gray matter was measured by YFP positive area using NIH ImageJ software on 30 consecutive sections, and the percentage of CST density in the stroke-impaired side to the contralateral side on the same sections was calculated, in order to avoid potential inter-section differences in fluorescent measurements (Liu et al., 2011; Liu et al., 2009 ). The average number of relative percentage of CST density in each animal was used as an index for CST axonal remodeling after stroke and treatment.
Data are expressed as the mean ± SE. Differences of behavioral recovery, numbers of RFP-positive pyramidal neurons, index of axonal density, neurite length and branch number between groups were determined by one-way analysis of variance (ANOVA). Response surface (RS) regression model was used to identify an optimal dose for each response (branch or length grow). Two sample t-test was used to study the lesion difference between the two groups, and Pearson correlation coefficients were calculated to study the correlation of lesion size and functional recovery. A treatment by time interaction was tested to determine whether the tPA treatment effect depended on the time of follow-up assessment. To test the correlation between behavioral outcome and neuronal remodeling after stroke, the Pearson's correlation coefficients between the impaired left forepaw motor performance at 28 days after MCAo and the number of RFP-positive cortical neurons and the index of axonal remodeling in the cervical cord were calculated. A value of p < 0.05 was considered significant.
Results
Subacute intranasal tPA improves neurological recovery after MCAo
The mean lesion size was comparable in the tPA treated group compared to controls (16.5% vs. 17.7%, p = 0.64). Subacute administration of intranasal tPA did not lead to animal death or brain hemorrhage. The neurologic functional status monitored by behavioral tests suggested comparable severe deficits after MCAo in both animal groups (no difference between groups for either functional test, p > 0.05), followed by gradual improvement with time thereafter (Fig. 1) . A significant time dependent improvement was detected using a generalized linear model analysis in the adhesive-removal test (p < 0.001, A), but not in the single pellet reaching test, although it was marginally significant (p = 0.09, B). Comparisons between groups displayed a trend that mice receiving tPA treatment demonstrated better behavioral performance one week after the intervention than those that received saline. The difference began to exhibit statistical significance two weeks after treatment in both the unskilled task (i.e. adhesive-removal task, p < 0.05, A) and the skilled task (i.e. single-pellet reaching test, p < 0.05, B). These results suggest that intranasal tPA improves functional recovery in MCAo mice in the subacute phase, although tPA treatment did not significantly reduce the lesion volume.
CST axonal remodeling in the denervated side of the cervical cord
In CST-YFP mice, the CST axons on the transverse sections were visible under a laser confocal fluorescence microscope (Liu et al., 2009) (Fig. 2) . We measured axonal density in the central area of the cervical gray matter in mice stroke models 32 days after right unilateral MCAo. As noted above, we calculated the ratio of CST density in the impaired side to the intact side on the same sections to assess the axonal remodeling in the cervical cord, in order to avoid potential inter-section differences in fluorescent measurements. Data showed that the axonal density in the denervated side of a stroke animal was decreased (B, C) compared to a normal control (A). At 32 days after MCAo, there was a significant increase of CST density in the stroke-impaired side of the cervical cord of tPA-treated mice (C) compared to the saline-treated stroke controls (B, D; p = 0.002; F = 9.961), and axons crossing the midline into the impaired side from the intact side were evident in the tPA-treated animals.
Corticospinal innervation originating from bilateral cortices
In order to identify the source of tPA treatment induced CST axonal remodeling in the denervated spinal gray matter, we injected transsynaptic tracer PRV-614-RFP into the stroke-impaired left forelimb muscles to retrogradely label the neural pathways from the peripheral tissue to the motor cortices in stroke mice. Consistent with previous data (Liu et al., 2009 ), PRV-positive pyramidal neurons were primarily found in layer V of the motor areas in the right cerebral cortex (Fig. 3) , while a few neurons with fluorescent labeling could be found in the symmetrical areas in the contralateral hemisphere (B). After stroke, the PRV labeled neurons were dramatically reduced in the ipsilesional cortex (C), but moderately increased in the contralesional cortex (D). The numbers of PRV-positive neurons were higher in both ipsilesional and contralesional cortices of stroke mice treated with intranasal tPA (E and F), compared to those administered with saline (C and D). Table 2 presents the detailed numbers of PRV-positive pyramidal neurons in bilateral cortices on each one of five 100 μm-thick coronal sections of rostral forebrain. The data show that the numbers of PRV-labeled neurons, which reflects the extent of synaptic connection between the stroke impaired forelimb and the motor centers in cortices of both hemispheres, were significantly increased after subacute intranasal tPA treatment, compared with the numbers in mice treated with saline in all caudal forelimb areas (−0.5-0.5 mm rostral to the bregma) and most rostral forelimb areas (1.5-2.0 mm rostral to the bregma) (F = 44.523, p < 0.001 in the ipsilesional hemisphere; F = 9.524, p < 0.01 in the contralesional hemisphere; Table 1 ).
Correlation between functional recovery and neuronal remodeling
The results of Pearson's correlation test showed that animals' behavioral performance measured by both the single-pellet reaching test (r = 0.51, p = 0.031) and the adhesive-removal test (r = −0.60, p = 0.008) was significantly correlated with the index of axonal density in the denervated spinal cord (percentage of CST density in the impaired side to the intact side) 32 days after MCAo. There was also a significant correlation between neurological function and number of PRV-positive neurons in the ipsilesional (right) cortex (single-pellet reaching test: r = 0.487, p = 0.040; adhesive-removal task: r = −0.518, p = 0.028). No significant correlation was found between either behavior outcome and the number of PRV-positive cells in the contralesional (left) cortex (p > 0.05), although the statistical analysis suggested a marginal negative correlation between neuron number in the left cortex and the time of adhesive-removal task (p = 0.051).
PA promotes neurite outgrowth in cultured cortical neurons
To determine the effect of tPA on neurite outgrowth, we compared primary cultured cortical neurons harvested from CST-YFP embryos, using media with five different concentrations of tPA or without tPA. Compared to neurons cultured in media without tPA (Fig. 4) , the YFPneurons in tPA media containing tPA at four concentrations (0.65 μg/ ml, 2 μg/ml, 6.5 μg/ml and 13 μg/ml; CeF) all exhibited significantly increased neurite outgrowth measured in neurite lengths and number of branches per neuron after 3 days in culture, with a peak at 6.5 μg/ml (p < 0.05, Table 2 ). The mean neurite length of neurons in the lowest concentration of tPA medium (0.065 μg/ml) (B) was also significantly longer than that of neurons cultured without tPA (p < 0.01), while there was no significant difference in branch number between the two groups (p > 0.05, Table 2 ). A positive association of dose with length and branch were detected for 0 to 6.5 μg/ml of tPA, but the benefit of high dose was reduced for samples treated with 13 μg/ml of drug. The regression model yielded an estimated optimal dose of 7.58 μg/ml of tPA to achieve average length 496.42 μm and the dose of 7.15 μg/ml to achieve the branch numbers of 8.87. Comparison between the groups: neurite length per neuron F = 17.083, p < 0.001; Branch number per neuron F = 10.848, p < 0.001.
Discussion
Recombinant tPA is a globally used thrombolytic agent for acute ischemic stroke. In addition to its well established fibrinolytic action, tPA is also involved in synaptic plasticity (Samson and Medcalf, 2006) , dendritic remodeling during development (Mataga et al., 2004) , and Fig. 1 . Temporal profile of the left forepaw deficit and recovery after right MCAo assessed with adhesive-remove test (A) and single pellet reaching test (B) . Note that significant behavioral deficits and progressive recovery were observed with both tests in all mice; while subacute tPA intranasal treatment significantly enhanced functional recovery compared with saline treated mice (n = 10/group, p < 0.05 vs control). N. Chen et al. Experimental Neurology 304 (2018) 82-89 axonal outgrowth after injury (Minor et al., 2009 ) which may contribute to neural repair. Our previous study in young adult rats demonstrated that intranasal tPA administration during the subacute phase improves neurological recovery after stroke (Liu et al., 2012) . In the present study, we further investigated how delayed intranasal tPA promoted neurorestoration. The in vitro data demonstrated that exogenous tPA added to the media in culture chambers promoted neurite outgrowth (neurite length and branch number). Some studies have Fig. 3 . Single layer fluorescent microscopy images on coronal brain sections at the bregma level. Four days after tracer injection into the left forelimb muscles, PRV labeling was primarily found in the right cortex (A), and rarely in the left cortex (B) in normal mice. In stroke mice, PRV-positive cortical neurons in the right cortex were dramatically reduced (C), while PRVlabeled cells in the left contralesional cortex was comparable with normal mice (D). In contrast, intranasal tPA treatment increased the PRV labeling in both ipsilesional (E) and contralesional hemispheres (F) compared with saline treated mice. N. Chen et al. Experimental Neurology 304 (2018) [82] [83] [84] [85] [86] [87] [88] [89] reported that tPA at a high concentration > 200 nM (13 μg/ml) may potentiate the excitotoxic injury, while at lower concentration it could protect neurons (Nicole et al., 2001; Wu et al., 2013) . Our preliminary experiment also showed that medium containing a high concentration of tPA (20 μg/ml) was toxic to neurons (data not shown). Therefore, in the current experiment, we used five test concentrations of tPA < 20 μg /ml (0.065 μg/ml to 13 μg/ml). The results suggested a dose-dependent trend in neurite outgrowth, and an estimated optimal tPA dose in this culture as 7 to 8 μg/ml. This result is in agreement with prior studies, which suggested both endogenous neuronal tPA and exogenous tPA could contribute to axonal outgrowth (Qian et al., 2016; Xin et al., 2010) . These results have led us to postulate the hypothesis that tPA delivered into the CNS facilitates CST axonal sprouting and outgrowth, and thereby restores the corticospinal innervation disrupted by stroke. The catalytic activity of tPA is rapidly inactivated through the binding of protein inhibitors, primarily plasminogen activator inhibitor-I (PAI-1). The tPA/PAI-1 complex is cleared from the circulation by the liver. Therefore, tPA has a short half-life of 5 to 10 min in the bloodstream. To avoid this rapid inactivation and clearance, we administered tPA by intranasal delivery in mice after stroke. The intranasal method has been demonstrated to directly target the brain and spinal cord along olfactory and trigeminal nerves innervating the nasal passages (Dhuria et al., 2010) and the rostral migratory stream (Scranton et al., 2011) to bypass the blood-brain barrier. Our previous study showed tPA at a dose of 600 μg intranasally could improve the functional recovery and axonal remodeling after stroke in rats (Liu et al., 2012) . To determine the efficiency of intranasal delivery, our previous study investigated tPA content in tPA knockout mice treated intranasally with 300 μg recombinant human tPA using a Human tPA Total Antigen ELISA Assay kit (Liu et al., 2012) . The concentrations of tPA were 307 ± 10 ng/ml and 228 ± 67 ng/ml at 30 min and 120 min in tPA knockout mice with intranasal treatment, respectively, indicating that intranasal delivery effectively delivers tPA into the brain. To determine distribution of exogenous tPA in the brain, we intranasally delivered 60 μg FITC-labeled human tPA (HTPA-FITC, Molecular Innovations) to C57BL6 mice. Animals were sacrificed 30 min later. Brains were processed for vibratome sagittal sections (100 μm), which were nuclear-stained with DAPI. Our data demonstrate that FITC-labeled tPA was detected as early as 30 min after intranasal delivery in the olfactory bulb, and was widespread in brain regions including the cortex, striatum, subventricular zone (SVZ), DG and CA3 region of hippocampus, thalamus, cerebellum, and brain stem (Supplemental Fig. 1 ), which is in good agreement with the rapid tracer distribution study after intranasal delivery (Lochhead et al., 2015) .
Since intranasal delivery directly targets the brain, and does not involve systemic delivery, the dose conversion from rats to mice was scaled to the smaller brain size and nasal cavity volumes in mice, i.e., only 1/3-1/2 of that in rats (Gross et al., 1982; Paxinos and Franklin, 1997; Paxinos and Watsson, 1986) , instead of the difference of body weight. Seven to 14 days after the stroke is the initiation and maintenance phase of axonal sprouting response (Carmichael, 2006) . The potential adverse side effects of tPA may aggravate stroke injury and offset the therapeutic benefits when tPA is applied intravascularly early after stroke. Therefore, to avoid the potential side effects on brain edema and hemorrhagic transformation during the early stage of ischemic onset, we administered tPA intranasally in the period between 7 and 14 days after stroke. As an exploratory proof-of-principle study, we only examined a single dose of 300 μg tPA with multiple administrations. A dose response study is warranted in the future.
In a series of experiments, we have found that functional recovery after stroke was highly correlated with CST axonal remodeling (Liu et al., 2009 ), and we have confirmed the direct contribution of the CST Fig. 4 . Representative images show cortical neurons isolated from embryos of CST-YFP mice cultured with different concentrations of tPA (A-F, 0 to 13 μg/ml). Note that both neurite length and branch numbers were increased with concentration of tPA, and reached a peak at 6.5 μg/ml. N. Chen et al. Experimental Neurology 304 (2018) 82-89 to motor behavioral recovery by eliminating the CST axons in the spinal cord with bilateral pyramidotomy (BPT) (Liu et al., 2013) . In the invivo part of the current study, we evaluate MCAo mice treated with subacute intranasal administration of tPA, and provide data consistent with prior studies of intranasal tPA treatment of ischemic stroke in a rat stroke model (Liu et al., 2012) , that subacute intranasal tPA significantly improves neurological recovery in stroke mice, and that the treatment effect depends on the time of follow-up assessment. Intranasal tPA also improved CST recovery in the denervated side of the cervical spinal cord and the pyramidal neuronal reorganization in bilateral cortices. Both skilled and unskilled behavioral recovery during the subacute phase of ischemic stroke are highly correlated with the CST axonal remodeling and the neuronal rewiring to the ipsilesional motor cortex, and recovery is marginally related to neuronal change in the contralesional intact cortex. Combining these results, we speculate that intranasal administration of tPA in the subacute phase after ischemic stroke in adult mice improves neurological functional recovery, at least in part, by neuronal remodeling. This effect is independent of tPA's ability to cleave plasminogen into plasmin, since no significant difference was found in brain lesion volume between groups, and no significant correlation was found between lesion size and neurological deficit score neither. Neurological improvement may be attributed to CST axonal remodeling in the denervated spinal gray matter originating from both sides of the sensorimotor cortex in the subacute and chronic phase of stroke. For decades, the primary approach and goal of therapy for stroke has focused on reducing the volume of cerebral infarction and salvaging ischemic neurons in the brain from irreversible injury; however, most efforts have failed to demonstrate efficacy in clinical trials of stroke (Rother, 2008) . Therefore, we focused our research efforts on neurorestoration, and our findings provide robust support that subacute intranasal administration of tPA induces neuronal plasticity to compensate for the damaged tissue which thereby enhances functional recovery after stroke.
In the current study, we combined transgenic labeling and retrograde viral tracing, in order to comprehensively and directly demonstrate the axonal changes related to functional recovery of the impaired limb. In the CST-YFP mice YFP expression is limited to the forebrain and CST (Bareyre et al., 2005; Liu et al., 2013; Liu et al., 2009) . Therefore the labeling in CST-YFP mice is invariable and sensitive. Additionally, PRV is a retrograde trans-synaptic tracer that expresses monomeric red fluorescent protein (RFP) (Banfield et al., 2003) . Transsynaptic transport of the attenuated Bartha strain of PRV between CNS neurons occurs only at points of synaptic contact and proceeds in the retrograde direction (i.e. from postsynaptic to presynaptic neuron). The virus replicates in the infected neurons and infectious particles are released and taken up at synapses, thus spreading along neuronal hierarchical chains (Pickard et al., 2002) . Therefore, the PRV labeled neuronal pathways between the motor cortex and the stroke-impaired forelimb are the pathways having substantial synaptic connections reestablished by axonal remodeling or rescued from the ischemic lesion, and not only axonal sprouting. Importantly, such synaptic connections must be effective to allow neuronal signal transmission for motor functional recovery after stroke. By measuring the PRV labeling within the ischemic and contralesional cortex, we are able to assess whether the tPA-induced neuronal reorganization between bilateral hemispheres contribute to functional recovery. In our study, high correlations between functional outcome and CST density index and PRV-positive cortical neurons suggest that the effect of intranasal tPA on behavioral recovery after stroke is attributed to CST axonal remodeling mainly originating from the ipsilesional cortex. The present study was designed to specifically focused on the effects of tPA on CST axonal remodeling. However, we do not exclude the possibility that tPA may also effect CNS parenchymal and vascular cells and further investigation in this area is warranted.
Conclusions
The present study indicates that subacute intranasal administration of tPA significantly enhances behavioral outcome after ischemic stroke, as well as increases CST axonal remodeling in the denervated side of the spinal gray matter and synaptic rewiring of the corticospinal innervation in adult mice. These findings are supported by our in vitro data that tPA dose-dependently increases neurite outgrowth and branching of primary cultured mouse embryonic cortical neurons. Our study suggests that tPA delivered into the brain parenchymal tissue during the subacute phase post stroke may provide efficient neurorestorative effects on neurological recovery.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.expneurol.2018.03.001.
